The Loess Plateau of China has experienced extensive vegetation restoration in the past several decades, which leads to great changes in soil properties such as soil bulk, porosity, and organic matter with the vegetation restoration age. And these soil properties have great effect on the soil infiltration and soil hydraulic conductivity. However, the potential changes in soil hydraulic conductivity caused by vegetation restoration age have not been well understood. This study was conducted to investigate the changes in soil hydraulic conductivity under five grasslands with different vegetation restoration ages (3, 10, 18, 28 and 37 years) compared to a slope farmland, and further to identify the factors responsible for these changes on the Loess Plateau of China. At each site, accumulative infiltration amount and soil hydraulic conductivity were determined using a disc permeameter with a water supply pressure of -20 mm. Soil properties were measured for analyzing their potential factors influencing soil hydraulic conductivity. The results showed that the soil bulk had no significant changes over the initial 20 years of restoration (P>0.05); the total porosity, capillary porosity and field capacity decreased significantly in the grass land with 28 and 37 restoration ages compared to the slope farmland; accumulative infiltration amount and soil hydraulic conductivity were significantly enhanced after 18 years of vegetation restoration. However, accumulative infiltration amount and soil hydraulic conductivity fluctuated over the initial 10 years of restoration. The increase in soil hydraulic conductivity with vegetation restoration was closely related to the changes in soil texture and structure. Soil sand and clay contents were the most influential factors on soil hydraulic conductivity, followed by bulk density, soil porosity, root density and crust thickness. The Pearson correlation coefficients indicated that the soil hydraulic conductivity was affected by multiply factors. These results are helpful to understand the changes in hydrological and erosion processes response to vegetation succession on the Loess Plateau.
Soil infiltration is a critical process of the hydrological cycle in terrestrial ecosystems and it is the crucial link between the precipitation and soil water storage (Ludwig et al., 2005; Zhao et al., 2013) . As a fundamental hydrological process, soil hydraulic conductivity has a direct effect on the water budget of an ecosystem, the amount of surface runoff and the associated risk of substantial erosion (Michaelides et al., 2009; Chartier et al., 2011) . Therefore, analyzing the process of soil infiltration and its effect factors are important for understanding and modeling the hydrological cycle of terrestrial ecosystems (Li et al., 2011) .
Under similar climatic and topographic conditions, soil infiltration is mainly controlled by soil properties. Soil infiltration increases with increasing soil sand content, soil porosity, aggregate size and soil organic matter, and decreases with increasing soil bulk density, soil clay content and initial soil water content (Zhou et al., 2008; Neris et al., 2012; Zhao et al., 2014) . Any activities that change soil properties can critically affect the soil hydraulic conductivity. For example, Neris et al. (2012) reported that soil infiltration and soil hydraulic conductivity were significantly affected by soil aggregation, structural stability, organic matter and bulk density. Gonzalez-Sosa et al. (2010) found that hydraulic properties would enhance after the conversion of a farmland or a pasture to a forestland due to high soil organic matter accumulation, root system density and soil fauna activity, which lead to an increased soil macro-porosity and decreased soil bulk density. Conversely, Price et al. (2010) showed that the hydraulic properties decreased after a forest was converted to a non-forest because soil compaction associated with land management practices. Moreover, Nyberg et al. (2012) reported that soil infiltrability decreased with time after a forest was converted to a cropland, with decreased in soil carbon and nitrogen and increased soil bulk density.
The Loess Plateau of China covers an area of 6.4×10 , and it is a region with the most severely erosion (Shi and Shao, 2000) . Since the 1950s, a number of soil conservation measures (e.g. check-dam construction, afforestation and restoration of natural vegetation) have been taken to control soil erosion in this region (Chen et al., 2007) . Among these measures, abandoning the steep slope farmland to natural succession has become one of the most widely used techniques on the Loess Plateau (Jiao et al., 2007) . In 1999, the Grain-for-Green project was undertaken by the Chinese central government to mitigate soil and water losses (Zhang et al., 2008; Li and Lu, 2015) . As a result, a vast area of steep slope farmland has been converted into grassland and forestland or abandoned for natural succession, which resulted in a 10.8% area decrease in the slope farmland on the Loess Plateau between 2000 and 2008 .
Generally, vegetation restoration has a positive impact on soil properties due to increased vegetation cover and accumulation of plant litters. Many studies have indicated that soil organic matter and total nitrogen, soil porosity and aggregate stability increased while soil bulk density and pH decreased after a farmland was converted to a forest or a grassland (Li and Shao, 2006; Neris et al., 2012) . Li and Shao (2006) reported that soil organic matter increased from 7.6 to 21.3 g/kg, and total porosity and capillary porosity increased from 51.4% to 62.7% and 41.7% to 50.1%, respectively. The initial and steady saturated conductivity increased from 0.12 to 0.55 and 0.05 to 0.24 mm/min. Soil bulk density decreased from 1.29 to 0.99 g/cm 3 after farmland was abandoned for 150 years. found that soil organic C and total N, soil microbial biomass C and N as well as alkaline phosphatase, catalase, saccharase and cellulose activities increased, while soil bulk density, pH and polyphenol oxidase activity decreased after a farmland was abandoned for 50 years. However, some studies reported the adverse effects of vegetation restoration on soil properties. For example, Jiao et al. (2011) reported that soil nutrition, such as soil organic matter and total nitrogen decreased during the early stage of vegetation restoration after farmland abandonment on the Loess Plateau. Wang et al. (2009) found that tree planting on a former farmland caused an obvious decline in soil water content and led to the formation of a dried soil layer in the arid area.
As mentioned above, changes in soil properties may significantly influence soil infiltration. Studies have found that vegetation restoration can reduce surface runoff and increase soil hydraulic conductivity, and that annual reduction in runoff increases with the vegetation area and with restoration age (Zhang et al., 2008; . The Loess Plateau of China has experienced extensive vegetation restoration in the past decades. Previous studies have paid great attention on the changes in soil water storage, soil nutrition and soil quality in this region related to the vegetation restoration on abandoned slope farmland (Wang et al., 2009; Chen et al., 2010; Jiao et al., 2011; . However, few studies have been conducted to investigate the changes in soil infiltration based on vegetation restoration age on the Loess Plateau. Therefore, the objectives of this study were to investigate the changes in soil hydraulic conductivity of natural successional grasslands with different vegetation restoration ages, and further to identify factors that influenced the changes of soil hydraulic conductivity in this region on the Loess Plateau of China.
Materials and methods

Study area
This study was conducted in Zhifanggou, a small watershed of Ansai county near the center of the Loess Plateau, China (Fig. 1) . The watershed has a total drainage area of 8.27 km 2 and elevations that range from 1,068 to 1,309 m. It is a typical gully and hilly area with a slope gradient that varies from 0° to 65°. This region has a semi-arid continental climate with annual mean temperature of 8.8°C and mean annual precipitation of 505 mm. The soil type is silt loam which is vulnerable to water erosion (Wang et al., 2013) . Since 1975, the Zhifanggou has been used as a pilot watershed in the Loess Plateau for vegetation restoration and construction initiatives for soil and water conservation. Especially after implementation of Grain-for-Green project in 1999, most of the steep slope farmland was abandoned for natural vegetation or converted to artificial grassland and forestland. The restoration age of the abandoned farmland in this watershed is relatively clear and reliable. The dominant forest species in this area are Robinia pseudoacacia, Populus simonii and Platycladus orientalis, the dominant shrub species are Caragana microphylla, Hippophae rhamnoides and Sophora viciifolia and the dominant grassland species are Artemisia sacrorum, Stipa bungeana and Artemisia capillaries.
Site selection
As shown in Fig. 1 , six sites were selected in Zhifanggou watershed for quantifying the influence of vegetation restoration age on the soil infiltration. Five of the sites were abandoned farmlands; the corresponding abandonment ages were 3, 10, 18, 28 and 37 years. A slope farmland planted with soybean was selected as a control. For minimizing the potential influence of site selection on experimental results, all six selected sites have similar elevation, slope aspect, gradient and shape. The basic information of the selected sites is shown in Table 1 . Note: SF, slop farmland; AF3, AF10, AF18, AF28 and AF37 refer to abandoned farmland age of 3, 10, 18, 28 and 37 years, respectively. The following abbreviations are the same.
Disc experiment and determination of hydraulic conductivity
On each selected site, a set of soil infiltration test was carried out using a CSIRO disc permeameter (Center for Environmental Mechanics, Canberra, Australia). Before the experiment, plant was carefully clipped with scissors and was swept away with a soft brush. The testing area was covered with fine sand (0.25 mm in diameter) for a depth of 1 mm. Then the disc permeameter was then installed. After the pressure head of water supply was adjusted to -20 mm and the measurement was started. Time intervals were 0.5, 2 and 5 min for the first 10 readings, the following 5 readings and the remaining readings, respectively. The experiment ran for 90 minutes. Water temperature was measured simultaneously. At each site, soil infiltration tests were done for four replicates. The cumulative infiltration was calculated as follows:
Where I (mm) is the cumulative infiltration amount at 10°C standard water temperature; Δh n (mm) is the drop height of reservoir for a certain time; D 1 (mm) is the diameter of permeameter disk (200 mm); D 2 (mm) is the diameter of water reservoir (47 mm) and T (°C) is the water temperature at the measurement.
Hydraulic conductivity was calculated by the single test method (Vandervaere, 2000) . The equation is the following:
Where K is soil hydraulic conductivity; γ is a constant equal to 0.75; R (mm) is the disk radius; β is a constant of 0.6, which was acceptable for a filed estimation; θ n and θ 0 are the initial volumetric water content and the surface boundary conditions, respectively. C 1 and C 2 are two variables, established as follow:
Where I (mm) is the cumulative infiltration. Equation 3 was developed from the Philips equation by Vandervaere et al. (2000) .
Measurements of soil properties
Soil properties were measured at each site for identifying potential factors impacting the soil infiltration process. Biological crust thickness was measured using calipers with 10 replications at each site. Three intact soil samples were collected from top soil at each site with a steel ring (5 cm in diameter and 5 cm in depth) for measuring soil bulk density, field capacity, capillary porosity and total porosity. The collected samples were first wetted 5 mm deep with water for six hours and weighed to measure capillary porosity. They were then wetted 50 mm deep with water for 12 h and weighed to determine the total porosity. The samples were drained for 48 h to measure field capacity and finally dried for 24 h at 105°C to determine soil bulk density. For measuring soil water stable aggregate, we placed 50 g of each soil sample on a nest of sieves with apertures measuring 0.25, 0.5, 1.0, 2.5 and 5.0 mm, submerged in water, and shaken vertically at a rate of 30 times per minute. The large water stable aggregates remaining on the sieves (>0.25 mm) were oven dried for 24 h at 105°C, weighed and calculated. These aggregates measurements were replicated three times. Plant roots were isolated from the known volume soil samples taken from each site, washed over a 2-mm sieve, oven dried at 65°C for 12 h and weighed to compute root mass density. Three replicates of root mass density were measured. Across each site, six samples from the top 20 cm of soil layer were collected in an S-shaped pattern. These samples were mixed well and air-dried. Each combined sample was sieved through a 2-mm mesh with roots and debris removed by hand. These soil samples were used for analyzing soil particle size distribution using hydrometer method (Ashworth et al., 2001 ) and soil organic matter using the potassium dichromate colorimetric method. The measured soil properties of each site are shown in Table 2 . 
Statistical analysis
One-way analysis of variance (ANOVA) was used to test the significant difference in cumulative infiltration amount and soil hydraulic conductivity between different restoration ages. Principal component analysis (PCA) was used to analyze the main factors influencing the soil infiltration process. The relationships between infiltration parameters and soil properties were determined by Spearman correlation analysis. All analyses were performed using SPSS software version 18.0.
Results
Soil properties of different vegetation restoration ages
The measured soil bulk density of abandoned slope farmlands did not vary significantly from the slope farmland control site regardless of restoration age; it generally showed little change over 20 years following restoration. However, total porosity was consistent: after 3 and 18 years of restoration, total porosity showed no significant change; after 10 years of restoration, total porosity decreased significantly, and in the 37 years of abandoned slope farmlands, total porosity was significantly higher. Capillary porosity and field capacity had trends similar to the total porosity with restoration age. And these three soil properties had a fluctuation change with the restoration age. Figure 2 showed that the cumulative infiltration amounts had significant difference under different vegetation restoration ages, which changed slowly in the early 10 years of natural vegetation restoration, and then significantly increased after 18 years of restoration. The cumulative infiltration amounts were obviously higher in sites AF18, AF28 and AF37 of the late restoration stages than those of the early restoration stages. The cumulative infiltration amounts remained stable after 18 years vegetation restoration with an average value of 44.5 mm. Hydraulic conductivity was found to fluctuate after 20 years of abandonment, while the change trends were similar with the cumulative infiltration. The value of the hydraulic conductivity was from 0.44 (SF) to 1.34 mm/min (AF28). Generally, soil hydraulic conductivity showed a trend of increasing with vegetation restoration age (Fig. 3 ). There is a statistically significant difference in soil hydraulic conductivity after 18 years of restoration when compared with the SF slope farmland and the 10 years of restoration. No statistical difference was found between study areas of AF18, AF28 and AF37.
Changes in hydraulic conductivity with vegetation restoration ages
Relationships between infiltration parameters and soil properties
We used Principal Component Analysis (PCA) for classifying 11 soil properties. Three components together explained 87.5% of the total variance (46.6%, 23.4% and 17.5% for PCA components 1, 2 and 3, respectively) ( Table 4 ). The PCA component 1 correlated with the soil properties of clay and sand content, porosity, field capacity, root density and bulk density, which indicates that soil texture and structure are the main factors affecting soil infiltration (Table 5 ). The PCA component 2 reflects the combined effect of silt content, soil organic matter and crust thickness on soil infiltration. The PCA component 3 can be interpreted as the influence of water stable aggregation on infiltration process (Table 5) . Table 6 showed correlations among soil properties and hydraulic conductivity. In general, soil hydraulic conductivity had significantly positive correlation with the sand content, total porosity, capillary porosity and root density (P<0.05). However, there was a significantly negative correlation between soil hydraulic conductivity and clay content and bulk density (P<0.05). Moreover, the Pearson correlation coefficients of those six soil factors were all greater than 0.6, which indicated that hydraulic conductivity was affected by multiple factors. 
Discussion
Changes in soil hydraulic conductivity under different vegetation restoration age
In the present study, soil hydraulic conductivity was significantly enhanced after slope farmland was abandoned for 18 years. Soil hydraulic conductivity generally increased with the years of abandonment (Fig. 3) . Results are consistent with previous studies that soil infiltration capacity was enhanced after vegetation restoration (Chartier et al., 2011; Yüksek and Yüksek, 2011; Zhao et al., 2013) . The enhancement of soil infiltration capacity is mainly associated with vegetation growth and improvement in soil properties (Li et al., 2011; Neris et al., 2012) . In this study, vegetation cover increased from 38.9% in farmland to 60.7% in 37-year abandoned grassland (Table 1) , and root mass density increased from 0.29 to 6.35 kg/m 3 (Table 2 ). These changes led to an increase in the soil organic matter and the promotion of soil structure. Thus, soil porosity and water aggregate stability increased, while bulk density decreased over time during vegetation restoration. Moreover, the generation of macropores and channels by root penetration through soil tends to form preferential flow paths, thus enhancing soil infiltration and reducing runoff and soil erosion (Li et al., 2011; Benegas et al., 2014) .
However, the fluctuations of soil hydraulic conductivity were found to be associated with the first 10 years of restoration (Fig. 3) . Some studies have attributed these fluctuations to soil compaction and surface seal formation caused by raindrop impact (King and Bjorneberg, 2012; Liu et al., 2012; Zhao et al., 2014 ). This explanation is partially supported by our result that soil bulk density was slightly higher at site AF10 than at the slope farmland site (Table 3) . We infer that the spatial heterogeneity of vegetation and soil properties play an important role in this fluctuation of soil infiltration in the first 10 years of restoration. After the farmland was abandoned, all tillage operations were stopped. Annual and perennial herbs grew randomly and formed patchy distribution patterns. The spatial heterogeneity of vegetation and soil properties was obvious in the early restoration stage because vegetation cover was relatively limited. A previous study reported a similar finding whereby spatial heterogeneity of soil properties had increased in the first 10 years of vegetation restoration and then decreased from 11 to 20 years due to the continuous development of vegetation (Zuo et al., 2009 ).
Factors impacting the soil infiltration process
Vegetation restoration enhances soil hydraulic conductivity through direct interactions of soil properties and vegetation (Yüksek and Yüksek, 2011; Neris et al., 2012) . Our PCA results indicated that soil texture and structure were the main factors influencing soil infiltration (Table  5 ). The correlation analysis among infiltration parameters and soil properties further supports these conclusions (Table 6) .
In this study, sand and clay contents of soil were found to be the most influential factors affecting soil hydraulic conductivity, followed by bulk density, soil porosity, root mass density and crust thickness (Table 6 ). Tejedor et al. (2013) found that infiltration was mainly determined by clay content and bulk density in soils without well-developed structure. Infiltration rate was fast in soils with more sand and less clay contents because soils enriched with sand had more large pores and were less likely to be compacted by trample; consequently, they had high hydraulic conductivity (Chartier et al., 2011) . In addition, sand has a lower viscosity coefficient and soil water suction than do clay and silt, even when pore sizes are similar, which leads to higher infiltration rates in sandy soils (Yang and Zhang, 2011) .
Soil infiltration can be greatly affected by soil compaction (Liu et al., 2012) . This process increases bulk density and decreases porosity, which can significantly reduce soil infiltration (Yang and Zhang, 2011) . In the early restoration stage, with low vegetation cover, raindrops hit the ground directly and caused natural compaction, which increased bulk density and decreased porosity and hydraulic conductivity ( Table 2) . As succession continued, vegetation cover increased, and soil organic matter gradually accumulated. This organic matter then could facilitate the formation of soil aggregates and increased porosity. Consequently, soil bulk density decreased and soil hydraulic conductivity was enhanced (Tables 1 and 2) . Similar results were found in previous studies (Yüksek and Yüksek, 2011; Neris et al., 2012) .
Plant roots play an important role in soil moisture redistribution (Neumann and Cardon, 2012) . Both decayed and live roots can provide avenues for macropores associated with root channels (Devitt and Smith, 2002) . It was found that more than 90% of water in clay-enriched soils flowed through root channels, while less than 10% flowed along fractures without root channels (Jørgensen et al., 2002) . In our study, soil hydraulic conductivity closely correlated to root mass density (P<0.05). This result agrees with the conclusions of Lange et al. (2009) , who found that high root densities resulted in densely branched networks of pores and enhanced soil infiltrability.
The effect of biological crust on infiltration has remained ambiguous. Soil hydraulic conductivity could be increased (Belnap et al., 2005; Li et al., 2011) , decreased (Ries and Hirt, 2008; Li et al., 2010) or unchanged (Williams et al., 1999) by the development of biological crusts. In our study, a significant negative relationship between biological crust thickness and soil hydraulic conductivity (P<0.05) was detected (Table 6 ). Biological crusts may prevent infiltration and increase surface runoff by forming an impermeable seal because of swelling of sheath material during imbibition (Li et al., 2011) . The mechanical and hydraulic resistances may then increase after development of a biological crust with extended particle interlocking enhancing resistance (Bedaiwy, 2008) . In addition, rainfall interception increases with crusts thickness, which would also reduce soil infiltration flux (Li et al., 2014) .
Conclusions
On the Loess Plateau, soil infiltration capacity was significantly enhanced after slope farmland was abandoned for 37 years. Soil hydraulic conductivity fluctuated within the first 10 years, increased rapidly from 10 to 18 years, and thereafter remained stable from 18 to 37 years of vegetation restoration. The increased soil infiltration capacity was mainly attributed to the increases in sand content, total porosity, capillary porosity of soil and root mass density, and the decreases in clay content, bulk density and biological crust thickness of soil. Sand and clay contents of soil were the most influential factors for the soil infiltration, followed by the soil bulk density and porosity, root mass density and biological crust thickness. These results are helpful to understand the changes in hydrological and erosion processes in response to vegetation succession on the Loess Plateau.
